InGaAsN is a new semiconductor alloy system with the remarkable property that the inclusion of only 2% nitrogen reduces the bandgap by more than 30%. In order to help understand the physical origin of this extreme deviation from the typically observed nearly linear dependence of alloy properties on concentration, we have investigated the pressure dependence of the excited state energies using both experimental and theoretical methods. We report measurements of the low temperature photoluminescence energy of the material for pressures between ambient and 1 10 kbar. We describe a simple, density-functional-theory-based approach to calculating the pressure dependence of low lying excitation energies for low concentration alloys. The theoretically predicted pressure dependence of the bandgap is in excellent agreement with the experimental data. Based on the results of our calculations, we suggest an explanation for the strongly non-linear pressure dependence of the bandgap that, surprisingly, does not involve a nitrogen impurity band. Additionally, conduction-band mass measurements, measured by three different techniques, will be described and finally, the magnetoluminescence determined pressure coefficient for the conduction-band mass is measured.
INTRODUCTION
The quaternary alloy system, InGaAsN, is a new material system that appears to have many exciting and important device applications. Because of a large negative bowing parameter,1'2 the addition of small amount of nitrogen to the 1 .4 eV bandgap energy GaAs system lowers the energy! With the bandgap energy of GaN -3.5 eV, normally, one would expect that the GaAsN alloy bandgap energy would increase with nitrogen content. Besides also lowering the bandgap energy, adding indium to GaAsN strain compensates the effect of nitrogen, resulting in a material system with bandgap energies -1eV and lattice matched to GaAs! The InGaAsN, alloy system has been identified as a key candidate material for long wavelength laser systems35 and high-efficiency multi-junction solar cells.6'7 While light emitting diodes (LED) based on InGaAsN have not yet been reported, this could be an ideal system to provide infrared wavelength LED's. Lattice matching allows the design of optoelectronic devices without the inherent problems found in strained systems. Of prime importance is the role of the nitrogen isoelectronic atom: (1) What is the origin of the large bandgap reduction? (2) Are the states extended (band-like) or localized (impurity-like)? (3) How is the nominally light GaAs conduction-band effective mass m =0.067 affected by the addition of nitrogen? For optimum device performance, a better understanding of the electronic properties of this type of alloy system is required.
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Both first-principles810 and empirical1114 theoretical treatments for this material system have concentrated on understanding the dependence of the bandgap energy on nitxogen composition. In the first part of this paper we review previously reported15 pressure dependent photoluminescence (PL) data together with a first principles local density approximation (LDA) calculation for the band structure and its pressure dependence. It will be shown that, while it is well known that bandgap energies calculated by the LDA method are not accurate, the predicted pressure dependence of the bandgap energy is in excellent agreement with experiment. Similar observations have been reported for silicon.16 Because ofthis good agreement, the character of the states is accurately described and we also have confidence that this technique could be useful for understanding the properties of other low concentration alloy systems.
In the second part of the paper, we present conduction-band effective mass determinations using different three different experimental techniques: (1) Studying the bandgap energy dependence as a function of InGaAsN/GaAs quantum-well width.
(2) Photoreflectance measurements of the ground state and excited state energies of an InGaAsN/GaAs quantum well for vanous quantum-well widths. (3) Magnetoluminescence measurements of the magnetic field dependence of the InGaAsN exciton diamagnetic shift in bulk epilayers. Additionally, the pressure dependence of the conduction band-mass has also been measured using the magnetoluminescence method.
EXPERIMENTAL
The structures were grown in a vertical flow, high speed rotating disk, EMCORE GS/3200 metalorganic chemical vapor deposition (MOCVD) reactor. The InGaiAsiN films were grown using trimethylindium (TM1n), trimethylgallium (1MG), 100% ansine and dimethyihydrazine (DMHy). Dimethyihydrazine was used as the nitrogen source since it has a lower disassociation temperature than ammonia and has a vapor pressure of approximately 1 10 ton at 18°C. Unintentionally doped InGaAsN was p-type. InGaAsN films for Hall and optical measurements were grown on semi-insulating GaAs orientated 2°o ff(100) towards <1 10>. Lattice matched (& I a < 8 x104) films were grown at 600°C and 60 ton using a V/ill ratio of 97, a DMHyIV ratio of 0.97 and a TMInfIII ratio of 0.12. The growth rate was lOAfs. These conditions resulted in films with an indium mole fraction of 0.07 0.005 and a nitrogen mole fraction of 0.022 0.003. The composition was determined by calibration growths of GaAsN and InGaAs along with double crystal x-ray diffraction measurements. The nitrogen composition of bulk films was also confirmed from elastic recoil detection measurements. A significant increase in photoluminescence intensity was observed from these films following a post-growth anneal. Ex-situ, post-growth anneals were carried out in a rapid thermal anneal system under nitrogen using a sacrificial GaAs wafer in close proximity to the InGaAsN sample.
The photoluminescence intensity was a maximum for samples annealed either at 700°C for 2 minutes or at 650°C for 30 minutes. Similar results have been reported by Rao et.al.17 Transmission electron microscopy measurements indicate that the samples are random and no evidence for clustering or phase separation was observed.18 The pressure was generated using a small BeCu piston-cylinder diamond anvil cell, 8.75-mm-diameter and 12.5-mm-height.19 Methanol, ethanol, and water in a ratio of 16:3: 1 was used for the pressure medium.20 The shift in the fluorescence of a small chip of ruby placed in the pressurized volume was used to calibrate the pressure at 4K with an accuracy of kbar.21 A single 600-rim-diameter optical fiber, butted up against one of the diamonds, brought the 1 mW power 5145-nm-wavelength laser to the sample and also collected the PL signal from the sample. A beam splitter system was used to direct the PL signal to an optical monochromator. Depending on the bandgap energy, two liquid-nitrogen-cooled detectors were used to detect the PL signal. For low pressure regimes, where the bandgap energies were near or below 1 eV, a NORTh-COAST EO-817L Ge-detector was employed, while at higher pressures, a standard CCD array was used. Photoreflectance spectra were obtained for a variety ofMOCVD InGaAsN/GaAs MQW structures. For these experiments, the optical pump source was a blue LED having a 15 degree divergence angle and a peak emission wavelength of 470 nm (Nichia Chemical Industries part number NSPB 300A.). The LED was driven by a square-wave current source operating at 15 mA and 325 Hz. The sample reflectance was measured using a 10 W tungsten-halogen lamp followed by a 0.25-rn grating monochromator in conjunction with an InGaAs photodiode detector and a lock-in amplifier.
DISCUSSION
A typical low temperature (4K) PL spectrum for 2% nitrogen in InGaAsN lattice matched to GaAs is shown in Fig. 1 .As can be seen, the 4-K bandgap energy is near 1 150 meV, which is significantly less than the 4-K GaAs bandgap energy Eg 1515 rneV. The full-width-half-maximum (FWHM) PL linewidth is about 22.5 meV. As mentioned above, the PL intensity increased significantly with annealing. Other optical parameters, such as the FWFIM and PL-peak energy appear to remain unaffected by our annealing process. The pressure dependence of the bandgap energy shift data, as determined from by the PLpeak energy, is shown in Fig. 2 as solid circles. The pressure data ranged between ambient and I 10 kbar. The solid curve drawn through the data is discussed in the following section, however, it should be noted here that similar studies for GaAs/A1GaAs or InGaAs/GaAs quantum wells exhibit a F-X crossing near 40 kbar. For pressures greater than 40 kbar, the X-point becomes the conduction-band ground state and because of large non-radiative recombination paths at the X-point, the PL signal normally disappears.22 For the InGaAsN pressure data shown in Fig. 2 , this is obviously not the case. Thus, to be able to understand the behavior of the InGaAsN system, we need information about its band structure, which will be discussed in Sec 3.1. Section 3.2 presents experimental measurements and estimates for 2% nitrogen InGaAsN alloy conduction-band effective mass while Sec. 3.3 discusses the pressure dependence of the same conduction-band effective mass.
Band Structure of InGaAsN alloys
In order to model the band structure for the InGaAsN system, we used the Vienna Ab initio Simulation Package2326 (VASP) to perform first-principles electronic structure calculations based on the Kohn-Sham density functional theory with plane wave basis sets, ultrasoft pseudopotentials,27 and the local density approximation for the exchange-correlation functional. In construction of the pseudopotentials, the Ga 3d electrons were treated as valence electrons in order to accurately represent any effects of a near resonance with the nitrogen 2s level that has been observed in GaN. 28 We modeled the InGaAsN system in the experimentally relevant concentration range using a series of supercells of the zincblende GaAs structure each with a single arsenic replaced by a nitrogen. The lattice constants of the supercells were varied to simulate the effects of pressure, and for each cell, the ionic positions were relaxed using first-principles forces until the residual forces were less than 20 meV/A. In all cases, we found that the nitrogen atom remained in the symmetric position during relaxation. In order to cornpare to experimental data, which is taken as a function of pressure, an ab initio calculation of the system pressure was performed. We have investigated supercells with the following stoichiometries: Ga32As31N, GaAs63N, Ga108As107N, and Ga128As127N. These cells correspond to nitrogen concentrations of 3. 1 3, 1 .56, 0.93 and 0.78%, with the nitrogen atoms ordered in simple cubic, fcc, bcc, and simple cubic lattices respectively. In contrast, the nitrogen atoms in the experimental systern are believed to be nearly randomly distributed.18 However, we found that calculated band structures of our supercells were qualitatively similar despite their differing symmetries, indicating that the nitrogen atoms interact weakly with each other at these low concentrations. Therefore, we believe that our artificially ordered supercells provide an adequate model of the nearband-gap electronic structure of the disordered experimental system. Likewise, we have ignored the presence of In in the experimental system (except for indirect effects due to the change in lattice constant, as will be discussed below). This is justifled since experimental studies of InGaAs alloys indicate that the low concentration of indium found in the experimental InGaAsN system has a small effect on the electronic properties.3'4
Figure 3 shows a representative band structure for the 3.13% system. It should be noted that the band structure is plotted with respect to the Brillouin zone of a 64-atom cell. Since the nitrogen substitution breaks the symmetry of the underlying zincblende structure, there is no uniquely defined way to "unfold" the band structure into the Brillouin zone of the primitive 2-atom zincblende unit cell. The high symmetry points of the primitive GaAs cell fold into the F-point of the 64-atom cell, and therefore in the presence of a real symmetry breaking term (such as produced by nitrogen substitution), we expect interaction between the resulting levels. The valence band and the conduction band are indicated by the heavy solid line. The conduction band is well separated from the other bands throughout most of the Brillouin zone, and it is quite dispersive with a bandwidth more than 1 eV. Likewise, the bands above the conduction band show a substantial amount of dispersion, and there is no evidence of a fiat impurity-like band anywhere above the conduction band. The absence of a nitrogen derived impurity-like state is supported by a decomposition of the wave-functions in terms of atomic-like orbitals, which shows that the conduction band has about 5% of its weight on the nitrogen atom, which is by far the highest fraction of any of the bands above the gap.The
calculated bandgap is oniy 0.12 eV, while the experimental bandgap is of order 1 eV for this concentration of nitrogen. This large error in the 1.6 bandgap is a well known problem of the LDA. A central result of this paper is that despite this large error in the absolute magnitude of the bandgap, the change in bandgap with lattice constant is in excellent 1.2 agreement with experiment (see Fig.2 ).
? as the reference (assumed to correspond to the experimental zero of pressure), and we plot the change in bandgap against the change in pressure. This procedure compensates for two well known errors of the LDA: (1) The bandgap is severely underestimated, as discussed above. (2) The lattice constant is underestimated by about 1%. The second error may seem to be insignificant compared to the errors in LDA results for some other quantities, but it corresponds to about a 20 kbar error in pressure, which is significant on an experimental scale. Since the experimental GaAs lattice constant is used, this procedure also helps to implicitly compensate for neglecting the In, which is added to the experimental system to match the lattice constant to that of GaAs.
The approach described here could prove useful for similar systems. However, we believe that a reason for the success of our approach is that, with the exception of the largest nitrogen concentration at the largest lattice constant, all of our model systems have a positive bandgap. Previous first-principles calculations for the GaAsN system80 have used high nitrogen concentrations in order to obtain smaller model systems, which are computationally less demanding. At these higher concentrations, the LDA bandgap error is so severe that computed band structures do not have a bandgap. This artificial bandgap collapse leads to unphysical occupations of the electronic states (i.e. conduction-band-like states are occupied, while valence-band-like states are unoccupied), producing a significant error in the electronic charge density. In this regime of strongly negative LDA bandgaps, we are not confident that our simple LDA-based approach to computing the pressure dependence of excited state energies could be applied fruitfully.
A remarkable feature of Fig. 2 is the strongly non-linear dependence of the gap on the pressure. This is in marked contrast to the parent GaAs material and provides additional evidence, beyond the large reduction in the bandgap, that a few percent of nitrogen is producing remarkable changes in the material. In order to understand this nonlinearity, it is necessary to study additional bands above the conduction band. Figure 4 shows the theoretical pressure dependence of the r-point energies of several additional bands treated with the same analysis that was used for the conduction band in A common origin of nonlinear behavior of energy levels as a function of a parameter (such as pressure) is band repulsion. Band repulsion results from the mixing (hybridization) of bands in the same representation of the crystal symmetry group in such a way that level crossings are replaced with non-intersecting horizontal curves separated by a gap-like region. In Fig. 4 , the highest singlet on the left and the triplet on the upper right bend downward due to repulsion from higher energy bands that have been omitted from the figure in order to improve its clarity. Whether the upper two singlets cross or repel at about 80 kbar can not be determined from the limited number of points that we have calculated, but if they repel, the effect is not very strong. We have chosen to show the bands as crossing in order to aid the eye in following their relationship with the doublet and the triplet. These assignments were chosen by comparing our results for various nitrogen concentrations with results for pure GaAs with the appropriately folded Brillouin zone. This comparison also allows useful, but non-rigorous, assignments of the low energy GaAsN bands at the F-point to special points of the primitive 2-atom GaAs Brillouin zone that are folded into the F-point. For the bands shown in Fig. 4 , we propose the following assignments: (1) The bottom singlet corresponds to the Fpoint of the fundamental cell. (2) The second singlet on the left hand side (the third singlet on the right) plus the triplet correspond to a split quartet formed from the 4 L-points ( 1 1 1 ), ( 1 1 1), ( 1 1 1 ), and ( 1 1 1 ) . (3) The remaining singlet plus the doublet correspond to a split triplet consisting of the three X-points (100), (010), and (001). In regions ofband repulsion, for example, the character of different bands becomes mixed, and thus these assignments should not be taken too literally. However, we feel that they provide useful labels and help in interpreting the data.
With one exception, all of the bands within a few eV of the gap are observed to regain the degeneracies of pure GaAs to within of a few hundredths of an eV by the time our largest cell (0.78% N concentration) is reached. The exception is the Lderived singlet, which remains split off from the triplet by about 0. 1 eV. This suggests that this singlet may evolve into the impurity state observed at very low nitrogen concentrations.29'30 However, as mentioned above, this state does not act like an impurity state at the technologically interesting concentrations around 2%. Furthermore, the L-derived singlet rises faster than the conduction band throughout the studied pressure range, and we do not see the upward curvature that would be expected if it was repelled by the conduction band. Therefore, we believe that repulsion between the L-derived singlet and the conduction band contributes at most a small amount to the nonlinearity of the conduction band. In contrast, Fig. 4 demonstrates almost textbook repulsion between the X-derived singlet and the conduction band at pressures over 100 kbar, and it is likely that this repulsion continues to lower pressures, even though the effect is obscured by the additional repulsion between the X-derived singlet and a higher state. Based on these observations, we propose that repulsion from the X-derived singlet is the chief cause of the experimentally observed nonlinear dependence of the bandgap on pressure. Based on the above, we conclude that the nonlinear dependence of the bandgap on pressure does not result from localized nitrogen states. Finally, we note that our results are consistent with recent reflectance measurements which show some of the predicted higher energy states.31'32
Conduction-band mass for InGaAsN alloys
There are three convenient methods ofusing optical measurements for masses, and they are: (1) Study the change in luminescence energy in quantum well structures as a function of the quantum-well width. type samples was attempted, but because of the low transport mobility (-400cm2N-sec), we not able to observe any cyclotron resonance. However, the question regarding the effect of on the conduction-band mass, if any, from adding a small amount of nitrogen to GaAs will now be addressed.
A series of nominally 2% nitrogen InGaAsN/GaAs quantum wells were grown as previously described in Sec. 2. The widths were estimated from growth rate calibrations. The PL measurements were made at 4K and the resulting dependence of the bandgap energy on the quantum-well width is shown in Fig. 5 . The quantum well widths varied between 50 and 200 A, and as can be seen in Fig. 5 , the luminescence energy increases with decreasing quantum well width, the anticipated result. We are interested in comparing the InGaAsN and GaAs masses and thus for purposes of this paper, we will analyze the quantum well data in a simple manner assuming infinite barrier heights. Because all of the mass measurements presented here are only to serve as an illustration of the effect of nitrogen in GaAs, we feel that these simple assumptions are warranted. With the infinite barrier approximation, the luminescence energy is given by
(1) 2ma mL where n = 1, 2, .. . is the quantum number of the state, m* is the conduction-band effective mass, and L is the quantum well width. Also assumed here is that the InGaAsN/GaAs quantum-well valence-band effective mass is much heavier than the conduction-band mass, and hence the conduction-band mass and not the reduced mass as expressed in Eq. 1 .Because the valenceband offset between 2% nitrogen in InGaAsN and GaAs is believed to be small and only due to the offset from the 7% indium content,3'4 it is reasonable to assume that quantum confinement has not caused a large splitting between the "pinned" heavyhole and light-hole valence bands, thereby leading to a "heavy" valence-band mass. Figure 6 shows the dependence of the luminescence energy as a function of L2 for the data shown in Fig. 5 ,and as can be seen, a straight line can be drawn through the data. From the slope of the line shown in Fig. 6 and with n = 1 in Eq. 1 , we derive m 0.2. Possible sources of error in this analysis are the experimental quantum-well widths which are difficult to monitor or control during growth. However, the conduction-band effective mass for GaAs is 0.067 and thus, as in the case of the bandgap energy, we see that the addition of a small amount of nitrogen to GaAs has caused large changes to the 2% nitrogen InGaAsN conduction-band mass.
As mentioned earlier, we have also performed room temperature photorefiectance measurements on the similar structures to those used for the luminescence energy versus quantum-well-width studies. Figure 7 shows photorefiectance spectra for 50, 80, 100 and 200-A-wide quantum wells. The solid lines are "fitted" theoretical photorefiectance line shapes to the data. The vertical lines are the critical point energies (i.e., quantum well energies) for each spectrum as calculated by the theoretical line shape fit. The difference energy E from the quantum well states shown in Fig. 7 , as vertical lines, gives 6E -120 meV. We again make the assumption that this energy difference is due entirely to the conduction-band states. With infinite barrier heights, we can arrive at a qualitative estimate for the conduction-band mass from Eq. 1, with the result m 0.14, a mass twice as large as that found for GaAs! However, the two measurements of mass are in reasonable agreement with each other and both lead to the conclusion that the conduction-band mass in InGaAsN is two to three times heavier than found for GaAs. For these calculations, GaAs values for all parameters except the conduction-band mass were used not only for the GaAs barrier, but also for the InGaAsN quantum well. For the present stage of understanding the electronic properties of InGaAsN alloys, these assumptions are reasonable. As can be seen in Fig. 8 , a best fit diamagnetic shift dependence on magnetic field occurs for an InGaAsN conduction-band effective mass m -0.13, which is in excellent agreement with the two previous optical determinations presented in this paper of the energy versus quantum-well width studies which gave m = 0.2 and the analysis of the quantum-well states of the photorefiectance data which yielded m =0.14.
Pressure dependence of the InGaAsN conduction-band effective mass
As mentioned in the experimental section, pressure dependent magnetoluminescence measurements were performed in the pressure range of ambient to 110 kbar and magnetic fields up to 30 tesla. The diamagnetic shift data can be readily analyzed for pressures less than 40 kbar. For higher pressures, the accuracy of the technique fails because of linewidth broadening by the non-hydrostatic component of the pressure medium and also because of an large increase of the conduction-band mass as discussed below. Also, other broadening mechanisms include possible differences to the GaAs elastic constants with the addition of 2% nitrogen. If the elastic constant differences between GaAs and InGaAsN are significant, the application of pressure (including hydrostatic pressure) will lead to anisotropic strain in the lnGaAsN epilayer and hence large PL linewidths. 
C,) Figure 9 shows the magnetic field dependence of the exciton diamagnetic shift at 38 kbar and T = 2K. As is the case with Fig 8, the filled circles are the data points and the curves are calculated shifts as a function of mass. It is apparent from the figure that the conduction-band effective mass is nearly 0.2 in contrast to the m =0.13 found from the ambient pressure data. This large increase to the mass for 2% nitrogen in GaAs is surprising. Recently, we have reported36 mass measurements as a function of pressure in In02Ga08As/GaAs strained-single-quantum wells and, found that the conduction-band mass ranged from -O.O7 to -0.085 for pressures between ambient and 36 kbar in a linear manner. This result for InGaAs/GaAs agrees with expectations36 based on simple k'p theory. The large variation and nonlinear behavior of the conduction-band mass for InGaAsN may not be that surprising in light of all of the other mysteries associated with substituting nitrogen for arsenic in GaAs. Figure 10 shows the variation of the effective mass for pressures between ambient and 38 kbar. The smooth curve provides an aid to the eye.
Because of our success in using the LDA calculation to quantify the change in the bandgap energy with pressure ( Fig. 2) , we performed preliminary LDA calculations for the pressure dependence of the conduction-band mass. But to date, our results are inconclusive and hence will not be discussed here. We can, however, make some qualitative statements by examining the LDA results shown in Fig. 4 . As discussed earlier, the band repulsion between the F-like and X-like bands at high pressure indicate that strong r-x mixing is occurring. Because the mass of the six-fold degenerate X-point in GaAs is heavy (mx 1.2 & mxi = 0.27), we expect that the r-x mixing will cause a corresponding increase to the T-like conduction-band mass by the heavy X-like mass. Part of the LDA mass calculation will require information about the X-like as well as the L-like masses. In the future, an obvious goal of our LDA calculations will be to replicate the curve shown in Fig. 10 . 
